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Experimental invasion by legumes reveals non-random assembly
rules in grassland communities
Abstract
1. Although experimental studies usually reveal that resistance to invasion increases with species
diversity, observational studies sometimes show the opposite trend. The higher resistance of diverse
plots to invasion may be partly due to the increased probability of a plot containing a species with
similar resource requirements to the invader.
2. We conducted a study of the invasibility of monocultures belonging to three different functional
groups by seven sown species of legume. By only using experimentally established monocultures, rather
than manipulating the abundance of particular functional groups, we removed both species diversity and
differences in underlying abiotic conditions as potentially confounding variables.
3. We found that legume monocultures were more resistant than monocultures of grasses or
non-leguminous forbs to invasion by sown legumes but not to invasion by other unsown species. The
functional group effect remained after controlling for differences in total biomass and the average height
of the above-ground biomass.
4. The relative success of legume species and types also varied with monoculture characteristics. The
proportional biomass of climbing legumes increased strongly with biomass height in non-leguminous
forb monocultures, while it declined with biomass height in grass monocultures. Trifolium pratense was
the most successful invader in grass monocultures, while Vicia cracca was the most successful in
non-leguminous forb monocultures.
5. Our results suggest that non-random assembly rules operate in grassland communities both between
and within functional groups. Legume invaders found it much more difficult to invade legume plots,
while grass and non-leguminous forb plots favoured non-climbing and climbing legumes, respectively.
If plots mimic monospecific patches, the effect of these assembly rules in diverse communities might
depend upon the patch structure of diverse communities. This dependency on patch structure may
contribute to differences in results of research from experimental vs. natural communities.
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2Abstract 1
1. Experiments usually reveal that resistance to invasion increases with species diversity 2
while observational studies sometimes reveal the opposite result.  The experiments 3
suggest that species differ in their resource requirements and that fewer resources are 4
therefore available to invaders in diverse communities.  More recent experiments have 5
removed or enhanced the abundance of particular functional groups.  If species find it 6
more difficult to invade plots containing species belonging to the same functional 7
group it would constitute stronger evidence that resource-based assembly rules 8
operate. 9
2. We conducted a study of the invasibility of monocultures belonging to three different 10
functional groups by seven sown species of legume.  By only using experimentally 11
established monocultures, we removed both species diversity and differences in 12
underlying abiotic conditions as potentially confounding variables. 13
3. We found that legume monocultures were more resistant than monocultures of grasses 14
or forbs to invasion by sown legumes but not to invasion by other unsown species.  15
The functional group effect remained after controlling for differences in total biomass 16
and the average height of the aboveground biomass. 17
4. The relative success of legume species and types also varied with monoculture 18
characteristics.  The proportional biomass of climbing legumes increased strongly 19
with biomass height in forb monocultures while it declined with biomass height in 20
grass monocultures.  There were also reversals in the identity of the most successful 21
sown legume invader: Trifolium pratense was the most successful in grass 22
monocultures while Vicia cracca was the most successful in forb monocultures. 23
5. Our results suggest that non-random assembly rules operate in grassland communities 24
both between and within functional groups.  Legume invaders found it much more 25
difficult to invade legume plots while grass and forb plots favoured non-climbing and 26
3climbing legumes respectively.  If plots mimic monospecific patches, the effect of 1
these assembly rules in diverse communities might depend upon the patch structure of 2
diverse communities.  This dependency on patch structure may contribute to 3
differences in results of research from experimental versus natural communities. 4
5
Introduction 6
Competition from established vegetation normally leads to some degree of invasion resistance 7
(Elton 1958; Turnbull et al. 2000; Levine et al. 2004).  For example, experimental 8
enhancement of resident species diversity (Knops et al. 1999; Joshi et al. 2000; Naeem et al. 9
2000; Hector et al. 2001; van Ruijven & Berendse 2003; Zavaleta & Hulvey 2004) the 10
presence of particular resident species (Crawley et al. 1999; van Ruijven & Berendse 2003; 11
Meiners et al. 2004) or a combination of the two (van Ruijven and Berendse 2003) can reduce 12
overall invasion success.  Many of these experimental studies have considered invasion by 13
non-resident but non-exotic species as a way to deepen our understanding of the rules 14
underlying community structure.  Understanding these rules is an important first step in 15
understanding why some communities are particularly susceptible to invasion by exotics 16
(Leishman & Thomson 2005; Von Holle 2005) and why some exotic species are particularly 17
successful invaders (Crawley et al. 1996; Grotkopp et al. 2002).  The increased resistance of 18
diverse communities or communities containing a strong competitor is likely to occur because 19
residents deny invaders access to limiting resources (Tilman 2004).   For example, a set of 20
complementary species might achieve more complete resource depletion above or below 21
ground (Tilman 1999; Hector et al. 2005; Spehn et al. 2005), or the presence of a particularly 22
good competitor might lead to unusually low resource availability in communities containing 23
that species (Wedin & Tilman 1993).  These results imply that assembly rules are resource-24
based.  If so, species are more likely to invade if they are able to use resources which the 25
4current residents cannot access and the match between the invader and the residents should be 1
a key determinant of invasion success (Tilman 2004).   2
There has been rather little experimental work with plants linking invasion success to 3
the resource-use characteristics of both resident communities and invaders.  However, several 4
recent studies have examined whether invasion is easier for species belonging to functional 5
groups or guilds which are either absent or rare in the resident community (Symstad 2000; 6
Fargione et al. 2003; Von Holle & Simberloff 2004; Xu et al. 2004).  This should occur if 7
species belonging to different functional groups have reduced resource-use overlap.  The 8
results of such experiments have been mixed.  Using artificially assembled communities 9
Fargione et al. (2003) showed that each resident functional group was most effective at 10
inhibiting invaders from the same functional group although all invaders found plots 11
containing C4 grasses the most difficult to invade.  In contrast, Von Holle & Simberloff 12
(2004) manipulated functional group diversity in natural communities.  Removal or reduction 13
of a particular functional group in this case did not make it easier for species from the 14
removed group to invade. 15
Invasion experiments can also help to reveal competitive dynamics within guilds.  For 16
example, if strong competitive hierarchies exist within guilds (Tilman 1994; Turnbull et al. 17
2004) then the likelihood of successful invasion by one species into a community which 18
already contains a second would depend on their relative positions within this hierarchy: a 19
poor competitor from a particular functional group may be an unsuccessful invader while a 20
good competitor may invade easily (Wedin & Tilman 1993).  However, if species within 21
functional groups are competitively equivalent with dynamics governed by drift (Hubbell 22
2001), all species from a particular functional group would be equally capable of invading a 23
community containing any other species from the same functional group given equivalent 24
propagule pressure.  Finally, competitive outcomes within guilds might be determined by 25
environmental conditions (Tilman 1982) and the relative success of particular invaders would 26
5therefore depend on the conditions prevalent in the resident community; for example, on the 1
availability of soil nitrogen (McKane et al. 2002) or water (Silvertown et al. 1999).   2
Conditions in the resident community are partly determined by the resident plants; for 3
example, the canopies of different tree species transmit different amounts of light (Canham et 4
al. 1994).  This in turn helps to maintain diversity by allowing the persistence of both shade-5
tolerating and pioneer species which respectively specialise on low and high light patches 6
(Pacala et al. 1996).  Monospecific or monodominant stands within resident communities 7
could therefore potentially generate a mosaic of patches favouring the establishment of 8
different species.  Establishing experimental monocultures on uniform soil is one way of 9
ensuring that the initial abiotic conditions are the same and that differences in conditions have 10
been created by the species themselves. If the relative success of invading species changes 11
with monoculture characteristics we can conclude that biotically-generated heterogeneity can 12
contribute to the creation and maintenance of diversity. 13
Here we focus on species from one particular functional group, legumes, and 14
determine their ability to invade monocultures belonging to a range of species and functional 15
groups.  We test whether legumes are less able to invade legume monocultures than those 16
belonging to two other functional groups (grasses and non-leguminous forbs) as predicted if 17
resource-use patterns are more disparate between than within functional groups.  We used the 18
same seven native European legume species as invaders and as monocultures to obtain a fully 19
reciprocal design for the within-functional group invasion test.  By adding seeds of the seven 20
invaders mixed together we ensured there would be competition between invaders.  We then 21
examined whether the relative success of different legume species and types (climbers and 22
non-climbers) changed across monocultures with different characteristics, as predicted if 23
resident species offer a range of opportunities to invaders.  Finally, we related the 24
effectiveness of each legume species at invading other legumes to its ability to resist invasion 25
6itself.  Such a correlation is expected if there are strong dominance hierarchies within the 1
legume guild. 2
3
Methods 4
The established monocultures 5
Monocultures of 27 common species from European grassland (11 forbs, 9 grasses and 7 6
legumes; Appendix 1) were established from seed in May 2002 as part of a biodiversity 7
experiment.  The design was not fully randomised; instead the monocultures of six species 8
and their full-species mixture were always grown together in a spatial unit (called here a sub-9
block).  Each group of six monocultures and their full-species mixture was then replicated 10
three times within a blocked design giving three replicates of the 27 monoculture species (81 11
plots in total). Only the monoculture plots (50 x 50 cm) were used in the experiment 12
described here. During the first growing season plots received nitrogen fertiliser for the 13
purposes of the biodiversity experiment but these treatments were discontinued during 2003 14
(the year of the seed-addition experiment described here).  All plots were weeded during 2002 15
and once prior to addition of legume seeds in April 2003, but not thereafter.  Plots were cut to 16
5 cm twice during 2002 and in June 2003 to mimic the typical grassland management regime. 17
18 
The seed-addition experiment 19
We sowed a mixture containing all seven legume species into all 81 monoculture plots.  Each 20
selected monoculture plot was divided into two halves, and one half randomly assigned to 21
sowing while the other half remained as an unsown control.  Seed mixtures contained one 22
hundred seeds of each legume species (700 seeds in total; a density of 5600 seeds m-2).  Seeds 23
were obtained from commercial suppliers of wild flower seed.  The seven legume species can 24
be classified as either climbers (Lathyrus pratensis L., Vicia cracca L. and Vicia sepium L.) 25
which have modified leaflets or tendrils allowing them to use other species for physical 26
7support or  non-climbers (Lotus corniculatus L., Medicago lupulina L., Trifolium pratense L., 1
Trifolium repens L.) which lack this adaptation.   In addition, climbers have much heavier 2
seeds than non-climbers (13.7 ± 3.13 versus 1.50 ± 0.33 g).   3
In September 2003, prior to the destruction of the plots, the central 20 x 20 cm area of 4
both sown and unsown halves was cut to ground level and sorted into the seven sown legume 5
species, other unsown invaders and the original monoculture species.  The unsown invaders 6
were not sorted further.  Samples were then oven-dried for 48 hours at 80 °C and weighed.  7
None of the invading legumes were flowering although plants were generally robust and well 8
beyond the seedling stage.  Because of the clonal nature of their growth, data on individual 9
plant biomass is not available.  Negligible amounts of sown legume species were recovered 10
from the unsown sub-plots and analysis was therefore conducted on the uncorrected legume 11
biomass from the sown sub-plots.   The invading biomass of a legume species invading its 12
own monoculture had to be assumed to be zero.  This might lead to a lower total invading 13
legume biomass in legume monocultures simply because there is always a species missing.  14
To assess the magnitude of this effect, we deleted the biomass of one legume species from 15
each grass and forb monoculture plot (selecting a new species at random from each plot) and 16
then re-fitted the model.  We repeated this procedure fifty times and assessed the significance 17
of the functional group effect each time.   18
We calculated two covariates that might explain differences in invasibility of plots 19
with different functional groups and species: the average total biomass of each monoculture 20
species and a measure of the height of the aboveground biomass (here referred to as the 21
average biomass height).  Average total biomass was estimated from the three replicate 22
unsown sub-plots.  Our measure of average biomass height combined information on both 23
canopy height and plant architecture and was obtained from the previous year’s layered 24
harvest.  For this harvest the plots were cut into six vertical layers, 0-5 cm, 5-15 cm, 15-25 25
8cm, 25-35 cm, 35-45 cm and > 45 cm.  The measure is then calculated (following Spehn et al. 1
(2000)) using: 2
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where mi is the biomass of the ith layer, hi is its width in cm, and zi is the mean height of the 4
ith layer measured from the ground.   For a species whose biomass is distributed evenly 5
through all the canopy layers the value of H is simply half the maximum canopy height, while 6
species with proportionally more biomass in higher layers would have a higher value of H and 7
vice versa.8
9
Statistical analysis 10
We analysed total legume biomass, the relative abundance of climbers, and the identity of the 11
dominant legume species (the invading sown legume species with the highest biomass) to 12
examine the effect of monoculture functional group, species and covariates on the success of 13
the whole legume guild, and the relative success of climbers using the R statistical package (R 14
Development Core Team, 2003).  Invading legume biomass required log-transformation to 15
meet the assumptions of ANOVA.  To avoid problems with heteroscedasticity we excluded 16
plots where the total biomass of sown legume species was zero (Schmid et al. 1994).  There 17
were 11 such plots and they were distributed equally among monoculture functional groups: 18
Fisher’s exact tests revealed no significant differences between the proportion of grass (2/25), 19
herb (3/29) and legume (6/21) plots in which there were no invading legumes.  We used one-20
degree-of-freedom contrasts to break down functional group effects into legume versus non-21
legume, and grass versus non-leguminous forb components.  We analysed the biomass of 22
invaders belonging to other species in unsown sub-plots to assess whether these species 23
(which were a mixture of unidentified grass, forb and unsown legume species) responded in 24
9the same way as sown legumes to the measured variables.  Functional group effects, 1
covariates and their interactions were always tested using monoculture species as the error 2
term.  In addition, there were two spatial components to the analysis: block and sub-block.  3
Sub-block formed the error term for block. ` 4
5
Results 6
Total legume biomass 7
The mean biomass of resident species, sown legume invaders and spontaneously arriving 8
invaders in monocultures belonging to each functional group are shown in Figure 1.  In the 9
analysis of plots with non-zero invading legume biomass containing the terms block, sub-10
block, functional group and species identity the only significant term was functional group 11
(F2,20=12.76, P=0.0002).  Contrasts revealed that this effect was almost entirely due to the 12
difference between legume and non-legume plots (F1,20=22.24, P=0.0001) while the 13
difference between grass and forb plots was marginal (F1,20=3.27, P=0.086).  The direction of 14
the effect shows that legume species are particularly poor at establishing in legume 15
monoculture plots.  The randomisation test yielded fifty ANOVAs in which these effects were 16
never qualitatively different: the legume contrast was significant in every case (range of F1,20 17
values = 15.98 – 22.58, range of P values = 0.0007 – 0.0001) showing that this is not an 18
artefact of effectively having six invading species in legume plots but seven in grass and forb 19
monocultures. 20
The average biomass height had a more negative effect on invader biomass than 21
average monoculture biomass itself (Tables 1a and 2a). In addition, the second was no longer 22
significant if fitted after the first (F1,19=1.60, P=0.27).  In the model with average biomass 23
height as covariate, the functional group effect is still significant but there is no significant 24
interaction between the covariate and functional group, indicating that invader responses to 25
biomass height within functional groups are parallel (Figure 2 a,b,c; Table 1a).  The relatively 26
10
poor ability of legumes to invade other legumes cannot therefore be attributed to differences 1
in biomass or biomass height between legume species and other monocultures.   2
By contrast the total biomass of unsown invaders was not significantly affected by 3
monoculture functional group (Table 3), and was lowest in forb rather than legume plots.  It 4
does not therefore appear that legume plots are generally harder to invade than those 5
belonging to other functional groups.  Biomass of unsown invaders declined with both 6
monoculture biomass and biomass height with the two covariates having similar explanatory 7
power (Table 3). 8
9
Relative abundance of climbers 10
The relative abundance of climbers was analysed using logistic regression.  However, quasi-F 11
tests were performed to allow the use of correct error terms (McCullagh & Nelder 1989).  12
Both monoculture functional group (F2,20=5.28, P=0.014) and species identity (F20,30=2.03, 13
P=0.038) significantly affected the relative abundance of climbers.  In this case the main 14
functional group effect is not due to the legume versus non-legume contrast (F1,20=2.95, 15
P=0.1) but to the difference between grass and forb plots (F1,20=7.61, P=0.012) with climbers 16
performing relatively better in forb plots than in grass plots.  Again average biomass height 17
had greater explanatory power than average biomass although the main effect was non-18
significant in both cases (Tables 1b and 2b). However, the interaction between average 19
biomass height and functional group was significant (Table 1b).  This interaction can again be 20
broken down using contrasts: in this case the difference between legume and non-legume 21
plots is marginal (F1,17=2.99, P=0.1), while the grass versus forb component is highly 22
significant (F1,17=19.98, P=0.00034).  The significant interaction occurs because the relative 23
abundance of climbers declines with average biomass height in both grass and legume plots 24
but increases strongly in forb plots (Figure 2 d,e,f).  With average biomass height as 25
covariate, the effect of functional group remains significant while the effect of species identity 26
11
does not (Table 2b).  The differential success of climbing and non-climbing legumes in grass 1
versus forb plots indicates that invasion success is not just a matter of general competitive 2
ability but depends on the specific environment provided by the resident community. 3
4
Dominance 5
Dominance (the invading sown legume species with the highest biomass) of climbers and 6
non-climbers was non-randomly distributed across monoculture functional groups (2=7.456, 7
df=2, P=0.024).  Contrasts reveal that this was due to the difference between grass and forb 8
plots (2=7.431, df=1, P=0.0064) and not to the difference between legume and non-legume 9
plots (2=0.0256, df=1, P=0.87).  In this case, a species of non-climber (usually T. pratense)10
was most often dominant in grass plots while a species of climber (usually V. cracca) was 11
most often dominant in forb plots (Figure 3). 12
13 
Competitive hierarchies 14
We analysed the ability of each legume species to resist invasion by other legumes (measured 15
as the amount of invader legume biomass found in each plot).  There were several zero-16
biomass plots (where residents totally resisted invasion) so we analysed log (invader biomass 17
+ 0.0005 g) as the lowest non-zero biomass was 0.005 g.  This analysis revealed a significant 18
effect of resident legume species identity on invasion resistance by legumes (F6,14=5.08, 19
P=0.0058) indicating that some legume species are more resistant to invasion by legumes than 20
others.  We then calculated the total biomass of each legume species found as an invader in 21
other legume monocultures (invasion success) to see if it explained some of the variation 22
between species in invader resistance.  The covariate was significant (F1,14=11.60, P=0.0043) 23
although species identity remained significant (F5,14=3.78, P=0.022).  Species which are good 24
at invading other legume monocultures are therefore more resistant to invasion themselves 25
(Figure 4), implying a competitive dominance hierarchy exists within the legume guild. 26
12
 1
Discussion 2
The resistance of a plant community to invasion is rarely absolute (Levine et al. 2004).  In our 3
study, the seven legume species were capable of invading the majority of plots (85%) to some 4
degree; however, their success varied greatly.  Invasion should be more difficult when the 5
niches (or patterns of resource-use) of invading species closely overlap those of established 6
species (Tilman 2004).   Invading legume biomass was lowest in legume monocultures and 7
this functional group effect remained after fitting covariates that accounted for differences in 8
total biomass or biomass height of resident species and so cannot be attributed to variation in 9
either of these factors.  Legume plots were also no less susceptible to spontaneous invasion by 10
other unsown species: the total biomass of these species (mainly grasses and forbs) showed no 11
functional group effect, indicating that it is the match between the functional group of 12
invaders and resident species which is critical to successful invasion.  The relative success of 13
climbing and non-climbing legumes was also affected by the functional group and 14
characteristics of resident species: climbers dominated in tall forb plots while non-climbers 15
dominated in grass plots regardless of height.  This confirms that legume species are not 16
functionally identical and that conditions generated by resident species can shift the balance 17
of competition between invaders from the same guild.  This was confirmed by analysis of the 18
identity of the dominant invader: T. pratense tended to be the dominant invader in grass plots, 19
while V. cracca tended to dominate forb plots.  It might therefore be necessary to consider 20
climbing and non-climbing legumes as functionally different. 21
Total legume biomass was one to two orders of magnitude lower in legume plots than 22
in either grass or forb plots of the same height.  How can this effect be explained?  It is known 23
from biodiversity experiments that plots containing at least one legume species have higher 24
availability of soil nitrogen (Spehn et al. 2002; Scherer-Lorenzen et al. 2003) which might 25
inhibit the germination of invading legumes.  Alternatively, it is known that legume 26
13
monocultures are notoriously difficult to sustain because of a rapid build-up of fungal 1
pathogens (Spehn et al. 2002).  It is possible that some of these pathogens or predators are not 2
species-specific but can attack other species of legumes and therefore reduce their 3
establishment.  Irrespective of mechanism, the reduced ability of legumes to invade 4
established patches of other legume species amounts to a priority effect (D'Antonio et al. 5
2001; Munday 2004).  This can be highly stabilising over a system of patches, as once 6
established, each species effectively has a refuge from within-guild competition.   7
The experiment also shed light on competitive interactions within the legume guild.  8
Based only on the invasion of legume monocultures by other legumes there was evidence for 9
a strict competitive dominance hierarchy, and yet, across non-legume monocultures there 10
were competitive reversals.  In the first case, species which themselves were most resistant to 11
invasion were also best at invading other legumes.  For example, T. pratense was the most 12
successful invader of other legumes and was itself the most resistant to invasion.  In contrast, 13
T. pratense was not always the best invader of non-legume plots: V.cracca was usually the 14
most successful invader in forb plots, and climbers in general made up a greater proportion of 15
invader biomass in tall forb plots.  Competitive interactions between legume species can 16
therefore be mediated by the presence of other species.  For example, climbing legumes were 17
relatively more successful as canopy height increased in forb plots but not in grass plots.  18
While we might expect climbers to always have an advantage in a tall canopy, they also 19
require structural support.  Forbs tend to have a more robust growth form and woodier 20
flowering stems which perhaps provides a better scaffold for climbers and tips the balance of 21
competition in their favour.  The higher seed weight of climbers has probably also evolved to 22
provide critical resources during early growth until higher canopy levels are reached 23
(Westoby et al. 1996). 24
To date, most studies of community invasibility have focussed on large pools of 25
invaders belonging to several functional groups or on a particular species of interest (Knops et 26
14
al. 1999; Joshi et al. 2000; Naeem et al. 2000; Hector et al. 2001; van Ruijven & Berendse 1
2003; Xu et al. 2004).  Here we investigated the resistance of monocultures to invasion by 2
several species belonging to one particular functional group.  While we found that legume 3
monocultures were harder to invade, this was only true for legume invaders and not for 4
unsown invaders belonging to a range of functional groups.  This supports the previous work 5
of Fargione et al. (2003) and shows that the match between invaders and resident species is 6
critical to invasion success.  It also supports the notion that non-random assembly rules exist 7
in grassland communities; something that is very difficult to demonstrate using observational 8
data because of the statistical difficulty in distinguishing neutral from non-neutral models 9
(Fridley et al. 2004).   10
Previous invasion studies using experimental diversity gradients usually show greater 11
invasion resistance by diverse mixtures (Levine & D'Antonio 1999) while studies from 12
natural communities sometimes show the opposite result (Robinson et al. 1995; Von Holle 13
2005).  Our results suggest that established species could create heterogeneity favouring a 14
mixture of invaders.  For example, a two-species grass/forb mixture might offer opportunities 15
for both climbing and non-climbing legumes, but, this would depend on whether a mixture 16
behaves as an average of its components or maintains a distinctive patch structure.  17
Biodiversity experiments establish higher diversity plots from seed mixtures and may 18
therefore lack the patch structure of natural communities where recruitment limitation and 19
vegetative growth over long periods of time might create larger, monospecific or indeed 20
monofunctional patches.  This could explain some of the discrepancy between observational 21
and experimental studies which link invasibility to resident diversity (Levine & D'Antonio 22
1999).   Clearly, distinguishing between different functional types and species of invaders 23
rather than treating all species as equal should help to shed light on why some invaders 24
succeed where others fail, and under which circumstances and for which species biotic 25
resistance is expected to be effective. 26
15
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Table 1 1
2
A) ANOVA of total sown legume biomass (>0) with the covariate biomass height. The appropriate error term is 3
given in each case.  B) Analysis of deviance of relative abundance of climbers with the covariate biomass height 4
using approximate F-tests (to allow the use of correct error terms). 5
6
7
A)  8
Term Error term Df Sum of squares Mean square F P(<F) 
1 Block 2 3 16.279 5.426 1.518 0.264 
2 Sub-block 7 11 39.318 3.574 1.564 0.161 
3 Biomass height 6 1 51.558 51.558 12.99 0.00219 
4 Functional group 6 2 56.249 28.125 7.087 0.00577 
5 Biomass height: functional group 6 2 0.203 0.102 0.0256 0.975 
6 Monoculture species 7 17 67.462 3.968 1.737 0.0907 
7 Residual  30 68.557 2.285   
 9
B)  10 
 Term Error 
term 
Df Deviance Resid. 
Df 
Resid. 
Deviance 
F P(<F) 
1 Block 2 3 1.079 63 55.831 0.381 0.769 
2 Sub-block 7 11 10.393 52 45.438 1.798 0.0989 
3 Biomass height 6 1 0.402 51 45.036 0.753 0.398 
4 Functional group 6 2 10.891 49 34.145 10.20 0.0012 
5 Biomass height: functional 
group 
6 2 12.266 47 21.879 11.48 0.0007 
6 Monoculture species 7 17 9.079 30 12.799 1.017 0.468 
7 Residual  30      
 11 
 12
13 
21
Table 2 1
2
A) ANOVA of total sown legume biomass (>0) with the covariate average biomass. The appropriate error term 3
is given in each case.  B) Analysis of deviance of relative abundance of climbers with the covariate biomass 4
using approximate F-tests (to allow the use of correct error terms). 5
6
7
A)  8
Term Error term Df Sum of squares Mean square F P(<F) 
1 Block 2 3 16.279 5.426 1.518 0.2644 
2 Sub-block 7 11 39.318 3.574 1.564 0.1608 
3 Average biomass 6 1 11.268 11.268 2.819 0.111 
4 Functional group 6 2 87.300 43.650 10.92 0.00089 
5 Biomass: functional group 6 2 8.967 4.483 1.122 0.349 
6 Monoculture species 7 17 67.938 3.996 1.749 0.088 
7 Residual  30 68.557 2.285   
 9
B)  10 
 Term Error term Df Deviance Resid. Df Resid. Deviance F P(<F) 
1 Block 2 3 1.079 63 55.831 0.381 0.7689 
2 Sub-block 7 11 10.393 52 45.438 1.798 0.0989 
3 Average biomass 6 1 0.002 51 45.436 0.002 0.96 
4 Functional group 6 2 14.766 49 30.670 8.447 0.00283 
5 Biomass: functional group 6 2 3.012 47 27.657 1.723 0.208 
6 Monoculture species 7 17 14.858 30 12.799 1.665 0.108 
7 Residual  30      
 11 
12 
22
Table 3 1
2
ANOVA of total unsown invader biomass (>0) with the covariates average biomass (A) and average biomass 3
height (B). The appropriate error term is given in each case. 4
5
A)  6
Term Error term Df Sum of squares Mean square F P(<F) 
1 Block 2 3 2.595 0.865 0.417 0.742 
2 Sub-block 7 11 50.309 4.574 2.206 0.0510 
3 Average biomass 6 1 16.512 16.512 10.50 0.0048 
4 Functional group 6 2 3.617 1.808 1.150 0.340 
5 Biomass: functional group 6 2 2.896 1.448 0.921 0.177 
6 Monoculture species 7 19 26.738 1.573 0.759 0.718 
7 Residual  24 49.751 2.073   
 7
8
B)  9
Term Error term Df Sum of squares Mean square F P(<F) 
1 Block 2 3 2.595 0.865 0.417 0.742 
2 Sub-block 7 11 50.309 4.574 2.206 0.0510 
3 Average height 6 1 14.809 14.809 10.19 0.00534 
4 Functional group 6 2 8.183 4.091 2.815 0.0879 
5 Height: functional group 6 2 2.062 1.031 0.709 0.506 
6 Monoculture species 7 19 24.709 1.453 1.453 0.701 
7 Residual  24 49.751 2.073   
10 
23
Figure legends 1
Figure 1. The mean (± 1 S.E.) resident biomass (resident), sown legume biomass (legume) 2
and non-sown invading species biomass (unsown) in monoculture plots belonging to the three 3
functional groups.  4
Figure 2.  Mean (± 1 S.E.) sown legume biomass (a-c) and the relative abundance of climbers 5
(d-f) recovered from monocultures differing in average biomass height belonging to three 6
functional groups.  For total biomass, fitted lines are from analysis of covariance with the 7
same slopes (the interaction was not significant). For relative abundance fitted lines are from 8
logistic regression.  Here, the interaction between the covariate and functional group is 9
significant.  Where no error bar is given the other replicates had zero biomass and were 10
therefore excluded from this analysis. 11
Figure 3.  The number of plots in which each invading legume species was dominant in 12
monocultures belonging to three functional groups: (No = no successful legume invasion, T.p 13
= Trifolium pratense, T.r = Trifolium repens, L.c = Lotus corniculatus, M.l = Medicago 14
lupulina, V.c = Vicia cracca, V.s = Vicia sepium and L.p = Lathyrus pratensis).  Non-15
climbing legumes (filled bars) and climbing legumes (unfilled bars) have been grouped 16
together. 17
Figure 4. The resistance of each of the legume species to invasion by other legumes declines 18
with their ability to invade the plots of other legumes.  Fitted line is from linear regression.   19
20 
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Appendix 1.  The monoculture species belonging to grass and forb functional groups.  The 1
legume species are listed in the text. 2
3
Forbs Grasses 
Achillea millefolium Arrhenaterum elatior 
Centaurea jacea Dactylis glomerata 
Crepis biennis Festuca pratensis 
Galium mollugo Festuca rubra 
Knautia arvensis Holcus lanatus 
Leucanthemum vulgare Phleum pratense 
Lychnis flos-cuculi Poa pratensis 
Plantago lanceolata Poa trivialis 
Silene nutans Trisetum flavescens 
Taraxacum officinale 
Tragopogon pratensis 
4
5
